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In their coexistence withmicrobes, animals must fortify themselves against the onslaught of pathogens while
maintaining a healthful consortium of resident commensals. In a recent paper in Science, Ryu and colleagues
report that in fruit flies the Caudal transcription factor regulates appropriate immune responses to commen-
sal bacteria, and that when these immune responses are perturbed, the gut microbial consortium shifts to
one that is harmful to its host.Over 30 years ago, Drosophila geneticists
discovered the Toll receptor’s function in
patterning the early embryo. Now, we
know that Toll-like receptors mediate in-
nate immune responses of diverse organ-
isms including flies and humans and, in
doing so, provide the first line of defense
against pathogenic microorganisms.
However, many microorganisms are ben-
eficial to the hosts they colonize. High-
lighting this fact is that fishandmicegrown
in the absence of bacteria (‘‘germ-free’’)
have abnormal guts and impaired immune
systems (Cheesman andGuillemin, 2007).
How then does an immune system that
recognizesmolecular signatures common
to harmful and helpful microbes manage
to retain a desirable resident microbial
community while excluding unwanted
pathogens? In an exciting recent article
inScience, Ryu et al. (2008) report that an-
other classic Drosophila patterning gene,
caudal, is instrumental in integrating the
signals necessary to maintain a desirable
bacterial community. Their findings may
shed light on the basis for certain human
diseases characterized by perturbations
of the resident microbiota, such as inflam-
matory bowel disease (Eckburg and
Relman, 2007).
A human, of course, is not simply
a scaled-up fly, and there are differences
in how each organism interacts with bac-
teria. First of all, the fly does not have an
adaptive immune system, an important
feature of vertebrates that confers spe-
cific memory of infectious organisms
and thus trains the host to recognize
harmful microbes. Second, unlike human
gut microorganisms that are in intimate
contact with the gastrointestinal epithe-
lium, microbes within the fly gut lumenare excluded from direct contact with
the gut epithelium by the peritrophic ma-
trix, a cuticle-like structure that lines the
digestive tract. Finally the human gut har-
bors a complex microbial community that
has coevolved with its host (Ley et al.,
2006). Whether laboratory fruit flies share
a similar evolutionary history with their as-
sociated gut microbes is not known, but
Ryu et al. (2008) report that themicrobiota
found in their wild-type flies are reproduc-
ibly composed of only five dominant bac-
terial species. These differences aside,
the fly offers a model of microbiota-host
interactions with an attractively simple
set of molecular pathways, cellular inter-
actions, and gut-associated bacteria.
The simplicity of the system, combined
with the abundant tool set available to
Drosophila geneticists, motivated Ryu
and colleagues to examine the role of
microbiota in modulating fly immunity.
They found that, in comparison to con-
ventionally reared flies, the midguts of
germ-free flies had significantly less nu-
clear-localized Relish (Rel), the fly nuclear
factor-kB (NF-kB) homolog. Correspond-
ingly, Rel targets known to be upregulated
upon infection with pathogens, such as
genes encoding peptidoglycan recogni-
tion proteins (PGRPs) and antimicrobial
peptides (AMPs) (Lemaitre and Hoffmann,
2007), were expressed at low levels in
germ-free flies. In conventionally reared
flies, however, there was a striking bifur-
cation in the response of Rel targets,
with the AMPs remaining at the low levels
found in germ-free animals, whereas the
PGRPs were robustly induced. An inde-
pendent study of germ-free flies found
the expression of several AMPs to be re-
duced relative to conventionally rearedCell Host & Microanimals (Ren et al., 2007), but the fold dif-
ferences were smaller than the induction
by pathogens reported by Ryu et al.
(2008). The differential response of Rel
targets found by Ryu and colleagues
raised the question of what prevents
AMP genes from being induced by Rel in
the presence of commensal bacteria.
In searching for this repressive factor,
Ryu et al. (2008) noticed that the AMP
genes Cecropin (Cec) and Diptericin
(Dpt) have cis regulatory elements for
binding of a homeobox transcription
factor called Caudal (Cad), which is ex-
pressed at high levels in the midgut of
adult flies. Using RNA interference (RNAi)
and a green fluorescent protein (GFP)-
tagged Cec-GFP reporter line, they dem-
onstrated that Cad represses Dpt and
Cec. Infection with a gut pathogen, Erwi-
nia carotovora, increased the amount of
nuclear-localized Rel in the gut and also
led to derepression of Cec and Dpt. To-
gether, these data suggest that different
levels of AMPs are deployed during path-
ogen infection than against commensal
colonization, and that this balance is de-
termined by the antagonistic relationship
between Cad and Rel (Figure 1).
The finding that associated microbes
can modulate the palette of AMPs ex-
pressed in the fly gut mirrors results from
vertebrates. For example, Bacteroides
thetaiotaomicron, a predominant member
of the mouse microbiota, can induce ex-
pression of antimicrobial proteins that are
effective at fighting enteric pathogens
while leaving this residentbeneficial bacte-
rium unscathed (Cash et al., 2006; Hooper
et al., 2003). If different bacteria can mod-
ulate the expressionof AMPswith different
antimicrobial specificities, this raises thebe 3, March 2008 ª2008 Elsevier Inc. 117
Figure 1. A Model for Differential Regulation of AMP Genes in Response to Commensal
Colonization and Pathogen Infection
In the top panel, the Drosophila NF-kB homolog Relish (in red) is excluded from the nuclei of gut epithelial
cells in germ-free Drosophila, present in the nuclei of conventionally reared Drosophila colonized with
commensal bacteria (Relish is shown here in pink to indicate presumably lower levels), and translocated
at even higher levels into the nuclei of Drosophila infected with a pathogen. In the bottom panel, Relish
target genes, AMPs and PGRPs, are not expressed in germ-free gut epithelial cells due to the absence
of nuclear Relish. In conventionally rearedDrosophila, PGRP genes are induced by Relish, but AMP genes
are repressed by the homeobox protein Cadual (blue). In pathogen-infected Drosophila, Relish induces
both AMP and PGRP genes, and the repressive activity of Cadual is presumably overcome by the
increased concentration of nuclear Relish.
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Previewspossibility that resident gut bacteria play
an active role in shaping their communities
through the regulation of host immune re-
sponses. Ryu and colleagues took advan-
tage of the simplicity of the gut communi-
ties of their flies to test this idea.
They asked whether blocking Cad ex-
pression or overexpressing AMPs nor-
mally repressed by Cad would perturb
bacterial census in the gut and ultimately
compromise the host. They found that,
whereas three of the five dominant bacte-
rial strains remain unaltered between con-
trol and experimental flies, the relative
levels of two of the five bacterial strains
differed dramatically depending on the
levels of AMPs expressed. Control flies
had high levels of a novel Acetobactera-
ceae strain, but a low level of a novel Glu-
conobacter strain. Flies treated with Cad
RNAi or elevated Cec or Dpt exhibited
the reverse phenotype. Consistent with
these observed shifts, the Acetobactera-
ceae strain was sufficient to prevent over-
growth of theGluconobacter strain in oth-
erwise germ-free flies and was especially118 Cell Host & Microbe 3, March 2008 ª200susceptible to the antimicrobial activity of
Cec. Furthermore, this shift in the micro-
bial community had important conse-
quences for the host. Animals with an
overabundance of the Gluconobacter
strain exhibited elevated levels of gut
epithelial cell apoptosis and decreased
life spans.
Overall, the work supports a model in
which the interplay between Cad and
Rel regulates the expression of AMPs,
and that the spectrum of AMPs, in turn,
defines the microbial community, and
hence the overall health, of the midgut.
The next logical step to extend these find-
ings is to examine what determines the
Cad and Rel balance, and specifically
what the difference is between commen-
sal colonization and pathogenic infection
that leads to the different equilibria in the
expression of genes coregulated by Cad
and Rel. One possibility is that pathogen
infection simply raises the overall bacte-
rial density sufficiently to increase Rel
activation. Alternatively, bacterial location
may influence the balance: certain patho-8 Elsevier Inc.gens have been shown to penetrate the
peritrophic matrix (Nehme et al., 2007)
and therefore may be perceived by innate
immune receptors at an effective concen-
tration higher than commensals. Finally,
pathogen-induced tissue damage during
infection may tip the balance. Wounding
activates the immune response JunN-ter-
minal kinase pathway in flies (Galko and
Krasnow, 2004) and thus may provide in-
formation that is integrated into the innate
immune system to determine the appro-
priate response toward a harmful, rather
than a benign, bacterial encounter.
Understanding how the innate immune
system perceives and responds to micro-
bial friends and foes, and how these
responses in turn shape associated mi-
crobial communities, may provide new
insights into human diseases of immune
and microbial imbalance, such as inflam-
matory bowel disease.REFERENCES
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